With attempts to improve the photocatalytic activity of titanium dioxide (TiO 2 ) catalysts and also extend the light absorption toward the visible light region, three types of the lanthanide ion-modified titanium dioxide (Ln 
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Introduction
Titanium dioxide (TiO 2 ) has proven to be the most effective and suitable catalyst for photocatalytic reaction due to its economical, chemically stable, and insoluble
properties [1] [2] [3] . So far, a variety of physical and chemical approaches have succeeded to synthesize anatase and rutile TiO 2 catalysts, including sputtering synthesis [4] , flame pyrolysis [5] , electrochemical deposition [6] , chemical vapor deposition [7] , precipitation [8] , and sol-gel methods [9] . However, the physico-chemical properties of the synthesized TiO 2 particles are significantly affected by the precursor used and the preparation procedure applied. For example, in the sol-gel methods, the pretreatment of sol particles and thermal treatment of powder particles have been observed to affect the phase formation and morphology of product TiO 2 particles [10] .
In these methods, high temperature above 450 °C in calcination is usually required to form regular crystal structure. However, in the meantime, the high temperature treatment can decline the surface area and also lose some surface hydroxyl groups of TiO 2 catalysts. Alternatively, a new method of chemical coprecipitation-peptization to synthesize the crystallized TiO 2 sol at low temperature of < 100 °C became attractive to further improve the photocatalytic activity of TiO 2 catalysts. Compared with most TiO 2 powders, theses TiO 2 sol catalysts have several advantages of: (1) finer particle size with more uniform distribution and better dispersion in water; (2) stronger interfacial adsorption ability; and (3) easy coating on different supporting materials including those substrates with a poor character of thermal resistance such as some polymers, optical fibers, plastics, wood, and papers. However, it is generally believed that most sol without high temperature treatment has an amorphous structure, which contains non-bridging oxygen in the bulk TiO 2 and a lot of Ti-O atomic arrangement defects acting as centers for recombination of photogenerated electron-hole pairs.
Therefore, a regular crystal structure is the prerequisite for TiO 2 semiconductor acting as an effective photocatalyst [11] . Additionally, the crystal phase of TiO 2 is also a critical factor. The anatase phase usually showed a better photocatalytic activity than the rutile phase [12, 13] . 
Characterization of Ln 3+ -TiO 2 sol catalysts
To determine the phase composition and crystal structure of the prepared sol 5 catalysts, X-ray diffraction (XRD) was carried out at room temperature using a X-ray diffractometer (Shimadazu XD-3A) with graphite monochromatic copper radiation (CuK α , λ = 0.15418 nm), 40 kV as accelerating voltage, 40 mA as emission current.
The particulate morphology of the sol catalysts was observed on atom force microscope (AFM, Nanoscope III System). The average particle size and particle size distribution (PSD) were determined by a light-scattering size analyzer (Zetasizer 3000HSA).
Photoreactor and Visible Light Source
A cylindrical quartz photoreactor with effective volume of 50 mL was used in this study as illustrated in Fig. 1 . A 150-W halogen tungsten lamp with the average radiation intensity of 48.9 mW cm
and main emission in the range of 400-800 nm was used together with the UV and IR cut-off filters as a visible light source.
[ Fig. 1 ]
The photocatalytic activity of the prepared TiO 2 and Ln n+ -TiO 2 sol catalysts was investigated in the photocatalytic degradation of reactive brilliant red azo dye (X-3B) in aqueous solution, while Degussa P25 TiO 2 powder catalyst was also used for comparison. The X-3B azo dye has a main absorption spectrum at 512-540 nm in the visible light range and its molecular structure is illustrated in Fig. 2 . 
Results and discussion

XRD analysis
To determine the crystal structure and composition, the prepared TiO 2 and -TiO 2 , respectively. These results indicated that lanthanide ion doping could hinder the aggregation and growth of sol particles, which resulted in the decrease in grain sizes and the increase in the specific surface areas.
[ Fig. 4] 
PSD analysis
Due to interaction between sol particles in the aqueous dispersion medium, these particles seldom have a uniform size and normally vary in a certain range [19, 20] . The particle size distribution of catalysts greatly influences their properties of adsorption 9 and photoactivity. In this study, the particle size of [ Fig. 5] 
X-3B adsorption isotherm
Since the heterogeneous photocatalytic reaction mainly occurrs at the interface of substrate and photocatalyst, the interfacial adsorption effect and affinity property play important roles in an overall reaction rate [21, 22] . The effect of adsorption-desorption equilibrium was investigated between X-3B and different catalysts in aqueous solution under darkness.
On the basis of experimental data, X-3B adsorption isotherms on the different enhance the interface adsorption chemically as well [23] .
[ Fig. 6] 
Photocatalytic degradation of X-3B under visible light irradiation
To evaluate the photocatalytic activity of Ln . Each experiment lasted for 120 min and samples were collected every 15 min for analysis to determine X-3B concentration by the UV-VIS spectroscopy. The experimental results are shown in Fig. 7 It is generally believed that the TiO 2 /UV photocatalytic oxidation in aqueous solution highly depends on (1) the generation efficiency of electron-hole from catalysts under illumination, (2) the separation efficiency of photogenerated electrons, and (3) the transfer efficiency of electrons and holes to surrounding supports or compounds adsorbed on the catalyst surface. However, the mechanism of photoreaction in such a Dye/TiO 2 /Visible light system is actually more complicated than that in a TiO 2 /UV light system.
Photoelectron generation under visible light illumination
To study the generation of photoelectrons in the X-3B/Ln catalysts. Under visible light illumination, the X-3B dye was exited from its ground singlet state to the excited triplet state. Then X-3B dye injected its excited electrons into the conduction band of TiO 2 to generate photoelectrons in the system.
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[ Fig. 8 ]
The second set of photocurrent experiments was carried out using three Ln In the meantime, it was also found that the photocurrent dropped off sharply to about 0.02 μA, while light was off. These results confirmed that the photoelectrons were successfully generated under visible light illumination by the Ln 3+ -TiO 2 catalysts.
Comparing the results of two sets of experiments, it can be indicated that X-3B was more sensitive than the Ln This lanthanide cluster had discrete empty multi-energy levels below the conduction band of crystalline TiO 2 . Their presence allowed a new electronic transition from the TiO 2 valence band to the empty lanthanide ion cluster energy levels known as a sub-band gap with less energy than TiO 2 valence-conduction band transition [24] .
[ Fig. 9 ]
The third set of photocurrent experiments was carried out in the X-3B/Ln [ Fig. 10] 
Efficiency of photoelectron trapping and transferring
On the other hand, the lanthanide ions bonded on the surface of TiO 2 particles could act as good scavengers to trap photoelectrons, resulting in depressing photocurrent generation. As an overall result, only a small amount of electrons photogenerated can transfer to the working electrode to form an out-circuit.
Comparing the photocurrent generation in three systems under the same experimental condition, the higher photocurrent intensity occurred in the X-3B/Ce 
